Beads from graves of the Samad Culture. Sultanate of Oman, and from an ancient craftsmen quarter of the old kingdom of Ruhuna. excavated in Sri Lanka, were investigated using electron microprobe analysis and X-ray powder diffraction. Both experimental methods were optimized towards a non-destructive analysis of archaeo logical finds. Based on their analysis, the beads from Oman can be divided into those made from natural rocks or minerals, metal, glass, Egyptian Blue and synthetic enstatite. Preferred natural rock types are serpentinite, chloritite and massive chlorite amphibolite which occur in the Samail Ophiolite of Oman and indicate a local production of these beads. Garnet beads are almandine-pyrope-rich and are interpreted as imports from the Sri Lanka/India area. Metal beads are made from pure Ag. ± pure Au or from Ag-Au-Cu alloys. Reddish-brown glass beads from Oman are Na-rich and coloured by Cu present in the glass matrix. Opaque red glass beads from Sri Lanka are commonly K-rich and coloured by tiny cuprite droplets which recrystallized from the melt and which are intensively disseminated within the glass matrix. Blue-while-blue and brown-white-brown sandwich beads from Oman and Sri Lanka are stylistically similar, but differ in composition of the white glass. Parts of the glass beads from Oman is partially or completely altered to form smectite. A cogged wheel bead from Oman was cut from steatite and then hardened by transformation of the steatite lo synthetic enstatite during firing at about 1000'C. Large amounts of microbeads from a Samad grave also consist of synthetic enstatite and most probably were produced from Mg-rich clay by firing. Comparable beads have been recovered from excavations in the Indus area, especially Harappa. but also in the Arabian Emirates.
Introduction
One hundred years ago, on the 8 lh of Novem ber 1895, X-rays were discovered by Wilhelm
Conrad Rontgen at the University of Wiirzburg.
From that time on, a wealth of analytical methods has been developed that use X-rays to obtain a wide range of information about quite different materials. During the last three or four decades.
X-ray powder diffraction and electron micro probe analysis have become common tools for structural and microchemical investigations in 0935-1221/97/0009-0763 $ 5.25 
Archaeological background
For the past twenty years, excavations in the Sultanate of Oman have been undertaken regularly by archaeologists under the aegis of the German Mining Museum in Bochum. The initial intent of this research project was to gain insight into the more than 5000-ycars-old copper mining and smelting activity in this region (Hauptmann. Analytical methods
Electron microprobe analysis
Chemical compositions of Ihc beads were determined using a CAMECA SX50 electron microprobe with wavelength-dispersive spectrometers.
The high spatial resolution of about 1-3 uni' allows non-destructive in situ analysis of archaeological finds, if certain prerequisites are satisfied.
The bead must be placed into the microprobe as a whole. A special sample-holder was con- The main problem is to get reliable diffraction data from beads of more or less irregular shape.
The most frequently encountered bead shapes are barrels, spheres, cylinders, cones and discs. Certain bead shapes are already well-suited for diffraction experiments and exhibit a flat surface segment. Examples are the faces of discs and the basal planes of cylinders or of truncated cones.
These beads are fixed onto a sample mount which is adjustable in height. Fig. 2a shows the sample mount with a disc-shaped bead in place.
To irradiate only the flat part of the sample with the primary beam, the width of the horizontal aperture is chosen to match the lateral dimension of the bead.
For spheres or cylinders or. more generally, for objects of high surface curvature, the experimental situation is more complicated. Curved surfaces give rise to an enhanced peak asymmetry and to a shift of the peak positions. The problem can partly be overcome by use of a small horizontal aperture of about 1 mm. Only surface elements near the focussing circle are then used for diffraction. In this case, the irradiated sample Hill & Howard (1986) .
based on the program by Wiles & Young (1981) .
Materials used for bead production
Based on the different materials used for their production, the following groups of beads have been distinguished up to now (Rosch, 1994) :
(I) Beads made from natural rocks or minerals:
ultramafic rocks, garnet. Fig. 3 . a. Bead from a Samad grave made from chloritite. 5 mm diameter, b. One garnet bead typical for the finds in Samad as well as Tissamaharama; diameter 4.5 to 5 mm. c. Strongly corroded bispherical metal bead from a Samad grave, soldered together from two pure Ag spheres and a cylindrical connection made of an Ag-Au-Cu alloy; length 8.5 mm. d. Detail of a collier of golden pendants and spherical beads from Samad: length of the pendants about 9.5 mm. e. Flat, disc-shaped beads from Tissamaharama. made from opaque red copper glass; diameters 9 -10 mm. f. Cuboid-shaped, blue sandwich glass bead with an opaque, white interlayer. recovered from a Samad grave; length 5 mm. g. This bead made from Egyptian Blue was a unique find of this material in Samad; diameter 5 mm. h. Numerous microbeads of synthetic enstatite from the Umm an-Nar Period were found in quantity in a Samad grave: diameter of the cylindrical beads lange from 2.5 to 3 mm. Beads made from ultramafic rocks tory (for example Fig. 3a) . According to the nomenclature of Hey (1954) . the compositions of chlorites scatter within the more Mg-pronounced fields of clinochlore/sheridanite or within the somewhat more iron-rich ripidolite field (Fig. 4) .
Chlorites of the massive chlorite-amphibole rock are similar in composition to those from the chloritite. Amphiboles range between actinolite and actinolitic hornblendes in composition (Fig. 5) .
following the nomenclature of Leake (1978) .
Soft ultramafic rocks such as serpenlinitc. Leake (1978) . Table I . Microprobe analyses of garnet beads from Samad/Oman (1-6). one garnet bead from Tissamaharam;i/Sri Lanka (7) and two garnet fragments from Tissamaharama (8. 9). In two graves of the Samad Period, a total of nine garnet beads in gemstone quality came to light (example in Fig. 3b ). Chemical compositions of these beads were determined by non-destructive microprobe analysis with seven measurements per bead (selected analyses in Table I ).
Samad
All of these beads possess very similar almandine-pyrope-dominated compositions with almandine 38 to 44 mol.% and pyrope 37 to 49 mol.%. Additionally, a subordinate grossular component between 5 and 13 mol.% was observed ( Fig. 6 ).
In Tissamaharama. Sri Lanka, an ancient craftsmen quarter currently is under investigation. During the excavations, four garnet beads and several pieces of raw garnet used for bead production were recovered in layers dated from the 3rd to the 5th century AD (the dating is provisional, l4 C determinations are still pending).
The chemical compositions of the beads were compared with those of the Samad beads (Table l) . With almandine 37 to 48 mol.%, pyrope 34 to 46 mol.% and grossular 8 to 15
mol.%, these garnets closely match the composition of the Oman garnet beads (Fig. 6 ).
Metal beads
The metal beads investigated are hollow Table 2 .
The beads consist of either pure Ag or Ag-rich alloys with small amounts of Au (3-4 wt.%) and Cu (1-2 wt.%).
A rare kind of metal bead is a combination of two spheres, joined by a short cylinder (Fig. 3c ).
Microprobe analysis of one of these beads shows that the spheres were made from pure Ag, Au Fig. 7 . Composition of the metal beads from Samad (wt.%. normalized lo 100). Open circles: pure Ag single beads and spheres from the bead shown in Fig. 3c . Crosses: Ag-rich alloy with minor amounts of gold and copper, forming single beads. Open squares: Ag-Au-Cu alloy used for the cylindrical connection of the bead shown in Fig. 3c . Solid diamonds: Au-rich alloy with variable amounts of Ag and Cu. determined for beads and pendants of a golden collier recovered from one of the Samad graves (Fig. 3d ).
whereas ihe cylindrical connection consists of an
Ag-Au-Cu alloy with 54 wt.% Ag, 34 wt.% Au and 5 wt.% Cu, on the average ( Fig. 7. 8 ; Table 2 ).
The bead was not manufactured in one process, but rather the single parts were produced separately and then soldered together. Rapson (1990) describes the variation of colour of different alloys in the Au-Ag-Cu system, using an Au-AgCu compositional triangle diagram. From this triangle, the original colour of the spheres is estimated as whitish, whereas the bond was whitish Analyses 1-3 refer lo the bispherical bead shown in Fig. 3c . with (I) and (3) measured on the two spheres and 12)
taken from the cylindrical connection. An enhanced CI Content in (3) is Ihe result of a progressive alteration during storage of ihe bead in Ihe soil. Analyses (4) and (5) represent one silver-dominated and one pure silver bead. (6) (7) (8) give compositions of golden pendants as shown in Fig. 3d . to greenish/yellowish. The bead certainly was strikingly attractive before it corroded.
Among the most spectacular finds from the Samad Period is a collier of golden pendants and spherical beads. The pendants are soldered together from a larger and a smaller hollow sphere along a join which is ornamented by a circle of still smaller golden spheres (Fig. 3d) . As the beads and pendants are unaffected by corrosion, three pendants could be investigated by non-destructive microprobe analysis. The objects consist of an All-rich alloy containing additional Ag and Cu ( Table 2 ). The compositional variation of these added elements ranges from 5.5 to 31.5
wt.% for Ag and from 0.5 to 8.5 wt.% for Cu (Fig. 7) .
Glass beads
The glass beads from Samad form a very het- comparison of reddish-brown opaque beads and of layered sandwich beads which were found in Samad as well as Tissamaharama is given here.
Re<ldish-brown opaque glass beads from
Samad: These spherical or cylindrical beads are made of Na-dominated alkali-silicate glass (Table 3) Reddish-brown opaque glass beads from Tissamaharama: These Hat. disc-shaped beads (Fig. 3e) were recovered from layers dated between the 3"^ century BC and the 9 ,h century AD. They are made from a K-dominated alkali-silicate glass with remarkably high Cu-contents of 10 to 15 wt.% (Table 3) (Fig. 3f) .The sandwich beads are made from Na-dominated alkali-silicate glass (Table 3) have a translucent, light blue matrix which is made of Na-dominated alkali-silicate glass. In composition it resembles that of the Samad sandwich beads (Table 3) . Again it contains MnO
(1 wt.%) and Fe (FeO-contents of 0.9 wt.%).
These two elements may give the glass its blue colour in this case, since no contents of Co or further blue-colouring elements have been found.
It should be noted that the blue sandwich beads have been chosen for laser ablation ICP massspectrometry to clarify the question of Co contents, which can colour a glass even if occurring in amounts below the detection limit of the microprobe. As opposed to those of the sandwich beads from Oman, the white interlayers do not contain any Sn. The reason for the white colour in these beads has not been found yet.
Numerous small patches of nearly pure P2O5 + CaO were detected by backscattered electron imaging in these beads. P2O5 and CaO contents of 42-43 wt.% and 54 wt.%. respectively, in the patches correspond rather exactly to an apatite composition and may result from former apatites which were concentrated as heavy minerals in the sands used for glass production. Other explanations for the occurrence of P and Ca in these beads include the addition of bone-ash to the melt.
Weathered glass beads
One group of beads from graves of the Samad Culture was classified during I'ieldwork as . X-ray powder diffractoerams from saponite found to be the weathering product of glass beads from the Samad graves. Measurements of saponite powder recovered from a broken bead (solid line above) and a saponite layer covering an undestroyed. double conical bead (dots below) are compared. The most prominent hk-bands and corresponding lattice spacings are indicated. Radiation was Cu-Ka.
"fritte". This designates a kind of incompletely molten, loosely sintered glassy powder. From first microprobe and X-ray diffraction analyses it became clear that the material is actually more or less pure saponite. which belongs to the smectite group of clay minerals. Some beads consist entirely of smectite, others are coated with translucent smectite. Usually the transition between the glass core and the smectite coating is very sharp.
Initially, these observations led to the interpretation that these beads form a separate group and the smectite was intentionally used as a raw material for the production of multi layered beads (Rosch, 1994) . In the course of more detailed investigation, it became clear that smectite heads and coatings on glass beads represent an advanced stage of a weathering process which, up to now, has been rarely described for glasses in general. Smectites most commonly occur as solid solutions of the Mg-, Fe-and Al-endmembers saponite, nontronite and beidellite (Brindley. 1980) . Microprobe analyses yielded an almost pure saponite composition for the smectite coatings covering the Samad beads. A typical analysis, calculated on an oxygen basis of 10 and 2 OH groups, is: (Na,K)o.i2Mg2.95(Fe,Mn)().07l(OH)2Si3.79AI(,.230io].
The X-ray diffraction patterns (Fig. 11 ) confirm a pure smectite phase and compare well with those of sol-gel-produced synthetic saponites from studies of Strese & Hofmann (1941) and Grauby et at: (1993 Grauby et at: ( , 1994 . Asymmetric (hk) reflections characteristic of a turbostratic stacking of layers are visible. Diffractograms measured on a powdered smectite coating obtained from a broken bead closely match the diffractogram non-destructively taken from an intact biconical bead covered by smectite.
Up to now weathering of man-made glasses to smectite has not been extensively studied. One solid phase of an about 5 u;m thin alteration rim produced in the laboratory by hydrothermal alteration of an R7T7 simulated nuclear waste glass was identified as saponite (Ahdelonas el al. 1995) . Smectitic corrosion of naturally occurring glass spherules from the Cretaceous/Tertiary boundary has been described e.g. by Sigurdsson et al. (1991) .
Varying degrees of alteration were observed for the corroded glass beads from Samad. Usually, smectitization starts from the surface of the beads and forms a clearly defined coating around a glassy core. This coating also occurs in the threadholes. The weathering process proceeds along small cracks into the glass core. During advanced corrosion of the bead, the glass is progressively replaced by smectite surrounding only a few irregular glassy relics. Interestingly, trace elements used for colouring of the glass may remain in the smectite coatings in comparable con- 
Egyptian Blue beads
Egyptian Blue is a bluish synthetic material containing the blue calcium-copper tetrasilicate CaCuSi-iOio cuprorivaite (Pabst. 1959 ) and quart/ as main constituents. The cuprorivaite and quartz crystals can be embedded in an alkali glass matrix yielding hard, semivitrified Egyptian Blue or may be loosely sintered crystallites leading to softer and more friable products. Egyptian Blue is produced by firing a mixture of quart/, sand, calcium carbonate, a copper compound like malachite or copper-rich metal ingots (bronze filings), together with small amounts of alkali in a temperature range from 900° to 1100°C for several hours (Tite el <//.. 1984 : Jaksch. 1985 Noll. 1981 Noll. . 1991 . Depending on the raw materials used and the details of the manufacturing process, minor amounts of crystalline phases such as calotte, huntite, cassiterite, pyrite, crystobalite and Cu-wollastonitc may occur (Noll. 1981 : Jaksch. 1985 .
Egyptian Blue was produced in Egypt from the third millennium BC onwards. From the beginning it was used in the fabrication of small art objects such as beads, and for the colouring of various ornaments. We investigated an Egyptian Blue bead from a Samad grave and a sample of this material from Qantir. lower Egypt, by means of powder diffraction. The powder diffractograms were refined by the Rietveld method.
The royal blue Omani bead (referred to as sample EB1) was a flattened sphere 5 mm in diameter, a height of 2.6 mm and a weight of 24 mg (Fig. 3g) . Judging from the find context, this bead dates to the Lizq/Rumaylah (1200 -300 BC) or the Samad Period (300 BC -900 AD).
Since diffraction experiments on the intact bead did not yield a data set refinable by the Rietveld method, half of the bead was prepared as a powder sample by grinding it in an agate mortar. In sample EB2 from Qantir. three additional trace phases cristobalite, cassiterite and calcite were identified and refined. Parameters identical to the ones used in the refinement of sample EB I were varied lor cuprorivaite. The crystal structure data for cristobalite, cassiterite and calcile were taken from Pluth el al. (1985) . Baur (1956) and Maslen el al. (1993) . No atomic coordinates, lattice parameters and temperature factors of the trace phases have been refined. Only the scale factors for the three trace phases were adjusted.
The results obtained for cuprorivaite from both samples are compared in Table 4 
Synthetic enstatite beads
In some graves at al Maysar which date to the Umm an-Nar Period (2700-2000 BC). thousands of whitish cylindrical beads (here microbeads) occurred (Fig. 3h) . Typical bead dimensions are 5 mm in length and 2.5 -3 mm in diameter.
These may have formed entire garments. The Xray diffraction pattern of one pulverized bead reveals an orthoenstatite-related structure. An en- (Fig. 13a) . This sheds some light on the raw material used.
As beads may also be produced by firing of reshaped talc powder (Hegde et al.. 1982) , a further experiment concerning the manufacturing process for synthetic enstatite beads was con- 
Beads made from ultramafic rocks:
The material of these beads compares well with vessels and small items made from chloritite which came to light at several locations in Oman and were produced from the mid-third millennium BC on-
ward. An archaeological and mineralogical description of these finds is given by David el al. (1990) . The chloritcs detected in these objects are also clinochlore/sheridanile and ripidolite (Fig. 4) . roasting. This may point to a local production of these beads in Oman, where Cu-sulphide exploitation has been carried out over the last 5000 years (Hauptmann, 1985) .
Reddish-brown beads from Tissamaharama are K-pronounced and contain densely dispersed On the other hand, the cogged wheel bead and the microbeads again may be taken as an indication of ancient connections to India. With regard to beads, the Indus Civilization is described as a "steatite civilization" (Vats. 1940) . A typical group of beads from this civilization was defined by various terms such as "white steatite", "burnt stealile". "reformed steatite", "glazed steatite" or "paste". The problem of the manufacturing process of "paste" beads was recently discussed
by Vidale (1989) . These beads are believed to be made of fired steatite, similar to the cogged wheel bead from the Samad grave. In context with the Indian "paste" beads, a find of thousands of microbeads in a male burial at Harappa (Fig. 1) was reported.
Hundreds of similar beads were recently found at Jebel al Emalah (United Arabian Emirates) in a grave dated in the Umm an-Nar period (Benton. 1994) . It is assumed that these beads were used as ornamentations sewn onto clothing. One reason is that the objects must be destroyed to a certain degree for measurements. If archaeometry aims to generate a wide data base for comparative studies, non-destructive methods for analysis have to be used more extensively.
Conclusions
Using an electron microprobe, objects such as 
